ABSTRACT. Ion transport by the epithelium lining the airways of patients with cystic fibrosis (CF) is characterized by a raised transepithelial PD and an increased amiloride sensitivity (I). These properties could arise from normal sodium transport across an epithelium with decreased cell chloride permeability and limited chloride secretion. Alternatively, a higher than normal rate of sodium absorption could contribute to these abnormalities. We investigated the latter possibility by measuring oxygen consumption and specific ouabain binding of CF and atopic polyp epithelia and normal turbinate epithelium. Tissue from CF patients consumed oxygen at a rate that was two to three times that of non-CF tissues and had 60% more ouabain binding sites than non-CF epithelium. These results are not consistent with an isolated defect in chloride permeability but support recent findings that the sodium conductance of the apical cell membrane and net sodium absorption by CF nasal epithelium are greater than those of non-CF nasal epithelium. In CF, ion transport by airway epithelium is markedly abnormal (1, 2). The lumen negative PD generated in vivo by the nasal or tracheobronchial epithelium of CF patients is 2-to 3-fold greater than that of normal or disease control individuals (1) and hyperpolarizes less in response to superfusion with a chloridefree solution (3). Parallel findings in studies of sweat gland ductal epithelium have been interpreted as evidence for reduced membrane chloride permeability that traps salt in the duct lumen (4, 5). The more complete inhibition of airway PD by superfused amiloride, in vivo, is also consistent with the absence of a functioning chloride secretory path in CF airways (1, 2). Others have speculated, based on this reasoning, that the functional defect in CF airway epithelia is deficient chloride conductance (4). Alternatively, the greater amiloride eficacy and raised PD in CF airway epithelia could reflect both a decreased chloride permeability and an increased sodium absorptive rate.
In CF, ion transport by airway epithelium is markedly abnormal (1, 2) . The lumen negative PD generated in vivo by the nasal or tracheobronchial epithelium of CF patients is 2-to 3-fold greater than that of normal or disease control individuals (1) and hyperpolarizes less in response to superfusion with a chloridefree solution (3) . Parallel findings in studies of sweat gland ductal epithelium have been interpreted as evidence for reduced membrane chloride permeability that traps salt in the duct lumen (4, 5) . The more complete inhibition of airway PD by superfused amiloride, in vivo, is also consistent with the absence of a functioning chloride secretory path in CF airways (1, 2) . Others have speculated, based on this reasoning, that the functional defect in CF airway epithelia is deficient chloride conductance (4) . Alternatively, the greater amiloride eficacy and raised PD in CF airway epithelia could reflect both a decreased chloride permeability and an increased sodium absorptive rate.
In epithelia that are dependent on operation of the Na+-K+-ATPase for ion transport, variations in transport rate can be paralleled by changes in indices of Na+-K+-ATPase activity. For example, increased ATP hydrolysis and numbers of sodium pumps have been found to accompany increases in sodium absorption by renal tubules (6) and chloride secretory capacity was paralleled by pump activity in shark rectal gland (7). In dog trachea, a predominantly chloride secreting airway epithelium, inhibition of chloride secretion caused a decrease in ouabainsensitive oxygen consumption (8). We reasoned that if the defect in cell chloride permeability in CF airways caused decreased chloride secretion, then hydrolysis of ATP by the Na+-K+-ATPase in CF cells would be normal or even reduced. On the other hand, if sodium absorption is increased in CF airway epithelium, then the synthesis and hydrolysis of ATP devoted to sodium pump activity should be greater than normal because of faster pump turnover and/or increased pump density. We investigated these possibilities indirectly by measuring oxygen consumption and specific ouabain binding of CF and atopic polyp epithelium and of normal turbinate epithelium.
METHODS

Sources of tissues.
All tissues were obtained from material excised during nasal reconstructive surgery or polypectomies as approved by the Human Rights Committee of the University of North Carolina-CH School of Medicine. Normal turbinate epithelium was obtained from 17 patients with a mean age of 23.9 k 3.0 yr and no history of any respiratory or systemic diseases. Polyps were obtained from 10 CF patients with a mean age of 13.4 + 2.6 yr. Each was diagnosed by standard clinical criteria for CF (9). Disease control tissues were polyps that were removed from 10 atopic patients (mean age 39.2 k 6.5 yr) who had seasonal rhinitis and peripheral eosinophilia. Some CF and atopic patients who had polypectomies failed to respond to courses of topical steroids which had been discontinued several weeks before surgery. Most CF patients were taking antibiotics. Some atopic patients were taking oral and inhaled bronchodilators at the time of surgery.
Tissue preparation, solutions, and drugs. Tissues were transported to the laboratory from the operating room in 37" C physiological salt solution (KBR) equilibrated with 95%:5% 02:C02. KBR contained, in mMol/liter: 1 15 NaCl, 25 NaHC03, 1.25 CaC12, 1.25 MgC12,2.4 K2HP04, 0.2 KH2P04, and 5.0 mM glucose. A layer of mucosa approximately 0.5-mm thick was removed from the submucosa by fine dissection in 37" C KBR Received March 3 1, 1986 : accepted July 3 1, 1986. that was continuously bubbled with 95%:5% 02:C02. For meas- Measurement ofoxygen consumption. After 60 min of incubation in KBR individual tissues were sealed in a chamber (2.0 ml volume) with a polarographic oxygen electrode (Yellow Springs Instruments, Yellow Springs, OH). The electrode output was calibrated to read 100% in a solution which had been equilibrated in air and 5% C 0 2 at 37" C and was recorded on a strip chart recorder as percent oxygen content. Two to four pieces of mucosa from each patient were studied. Tissues were exposed to stock drug solutions that were diluted 1:333 directly into the 2.0 ml bath with the tissue after a basal rate of oxygen consumption had been recorded for at least 5 min. A new steady state of oxygen consumption was reached within 5 min. These rates were found to be no different from those measured in experiments where the oxygen consumption after 30 min of drug exposure was compared to that of time controls. Preliminary experiments established the smallest concentration of each agent that caused the maximal change in oxygen consumption. This concentration was used in all subsequent experiments. The rate at which 0 2 was consumed was estimated from the strip chart recordings and the O2 content of 2.0 ml of KBR saturated with air:5% C02 at 37" C (approximately 10.0 p1, depending on ambient barometric pressure). After the last determination of oxygen consumption, each tissue was blotted on moistened filter paper, placed on a preweighed aluminum pan, dried overnight at 95" C, and reweighed. In the earliest experiments we measured only dry weight. Later, we also determined the DNA content of dried tissues colorirnetrically from the absorbance of hot trichloroacetic acid extracts at 540 nm (10). Calf thymus DNA (type 1, Sigma) was used as a standard.
Ouabain binding. The number of Na+-K+-ATPase sites in nasal epithelium was estimated from the steady state of binding of 3H-ouabain to segments of nasal polyp or turbinate. The technique is similar to that described by Mills et al. (1 1) and applied by Widdicombe et al. (12) to the study of canine tracheal epithelium. Nasal mucosal segments, approximately 0.5 mg wet weight, were incubated with 3H-ouabain (New England Nuclear, Boston, MA, 20 Ci/mmol, diluted to 10 nM) which was diluted or combined with nonradioactive ouabain to provide a range of total ouabain concentrations of 1 to 1000 nM. In preliminary experiments, binding was shown to reach steady state levels in 60-120 min. Subsequent incubations were carried out for 120 min. This was followed by a wash period of 60 min during which the tissues were exposed to KBR alone. This period was shown, in separate experiments, to be sufficient for the tissues to be washed free of the extracellular marker, I4C-mannitol. After the wash, each tissue was blotted on moistened filter paper, weighed, and extracted overnight in a glass scintillation vial containing 300 p1 of tissue solubilizer (Protosol, New England Nuclear). The mixture was neutralized with glacial acetic acid, combined with 9.0 ml of scintillation cocktail (Aquasol 11, New England Nuclear) and assayed for 3H-activity. Aliquots of each incubation solution were extracted and counted in the same way. Nonspecific ouabain binding was taken as the 3H-activity associated with mucosal segments exposed to 10 nM 3H-ouabain in the presence of M chemical ouabain. Nonspecifically associated 'H activity (typically less than 3% of the total measured at 10 nM) was subtracted from the binding of 3H-ouabain measured at 10-1000 nM total ouabain concentration. In some experiments we measured the binding of ouabain to pieces of submucosa from which the epithelium had been removed by fine dissection. The binding of 3H-ouabain was determined in two to four pieces of mucosa at each concentration and the results were averaged for each patient. Specific ouabain binding was normalized for wet weight.
Short-circuit current inhibition. Pieces of normal turbinate or CF polyp were mounted in Ussing chambers and net ion transport was assessed as short circuit current, as described previously (1 3). After a 45-to 60-min period for stabilization of bioelectric properties, ouabain was added to the submucosal bathing solution to a final concentration of lo-'-1 0-5 M. Short circuit current was monitored for an additional 120 min or until abolished.
Analysis of data. When an experiment was replicated with tissues from the same patient, the results were averaged so that n refers to numbers of patients. Results are expressed as the mean f SEM. The statistical significance of differences between means was assessed by paired or unpaired t analysis ( 14) . Ouabain binding data were treated by the method proposed by Scatchard (1 5). The best fit lines of the plots for CF and non-CF data were tested for parallelism and common intercept (16) . Differences were considered significant if p < 0.05.
RESULTS
Oxygen consumption. The tissues used in these studies were surgically derived, so it was not possible to study perfectly agematched controls or obligate CF heterozygotes. The oxygen consumption of pieces of nasal mucosa from three groups of patients is plotted as a function of patient age in Figure 1 . There is no overlap between CF and non-CF groups, whereas the normal and atopic group overlap completely. There was no significant relationship between oxygen consumption and age for any group.
Regional variations in turbinate epithelial morphology could influence the comparison of oxygen consumption by CF polyp and normal nasal epithelium. Accordingly, atopic polyps were regarded as a "control" that might help determine the contribution of morphology to differences between CF polyp and normal turbinate mucosa. In addition, because differences in epithelial morphology could influence the number of cells per unit dry weight, we measured the DNA content of most of our samples. The results are shown in Figure 2 . Because CF tissues were in demand for other studies and consumed oxygen at a higher rate than non-CF tissues, the size of CF specimens tended to be smaller. A regression line fit to all the points had a slope of 30.2 pg DNA per mg dry weight with a correlation coefficient of 0.92. ( n = 10) ( n = 10)
The effects of ouabain, amiloride, and dinitrophenol on oxygen consumption are summarized in Table 2 . Ouabain, 3 x M, inhibited oxygen consumption by 30 to 40%. Although the fractional change induced by ouabain was similar for tissues from the three groups, the absolute inhibition of oxygen consumption was two to three times larger in CF than in non-CF tissues. The fractional inhibition of oxygen consumption caused by amiloride tended to be greater in CF tissues, but the difference was not significant. This tendency, and the higher basal rate in CF tissues, however, made the absolute decrease in oxygen consumption induced by amiloride in CF tissues disproportionately (three to four times) greater than in non-CF tissues. We also exposed tissues to dinitrophenol, an agent that stimulates respiration by uncoupling mitochondria1 substrate oxidation from ADP phosphorylation (17) to determine if a portion of the raised oxygen consumption in CF was due to uncoupled respiration. We assumed that the oxygen consumption in the presence of dinitrophenol was an index of maximum metabolic capacity. Tissues from all three sources responded to dinitrophenol with about the same fractional increase in Q 0 2 .
Ouabain binding. Figure 3 shows the specific binding of ouabain to nasal epithelium from CF ( n = lo), atopic ( n = 7), and normal ( n = 9) patients. There was no difference at any ouabain concentration between binding to normal turbinate and atopic polyp epithelium, and these data were combined to represent non-CF tissue. The data are characterized by a large amount of scatter but the binding to the CF tissue was consistently greater. The binding curves are S-shaped, a characteristic of saturable bimolecular reactions. Nonspecific binding of ouabain was often indistinguishable from background and never exceeded 5% of the counts associated with the washed tissues at any ouabain concentration. In terms of wet weight, pieces of submucosa from which the epithelial surface had been dissected had only about 10% of the specific 3H-ouabain binding measured in the mucosal segments. Scatchard analysis of the data in Figure 3 results in the plots shown in Figure 4 . The CF data are described by a line with a correlation coefficient of 0.88 and an intercept on the * Different from normal or atopic ( p < 0.001). The basal rates of oxygen consumption by mucosa from
[OUABAIN] , Moles/Liter normal, atopic, and CF patients are reported in Table 1 . Tissue from CF patients consumed oxygen at a rate that was two to Short circuit current inhibition. Ouabain inhibits Na+-K+-ATPase activity in many tissues with diverse functions (I 8). In airway epithelia the action of the Na+-K+-ATPase supports both sodium absorption and chloride secretion (8, 19 ). Short circuit current, an index of active ion transport, was inhibited 17.0 k 2.0% (n = 3) in non-CF and 17.0 5 1.9% (n = 3) in CF tissues by M ouabain after 120 min. With M ouabain, short circuit current was nearly completely inhibited within 60 min in both CF (88.8 f: 4.4%, n = 4) and non-CF tissues (91.0 f: 1.3%, n = 3). Complete inhibition was obtained even more rapidly with M ouabain. Accordingly, the binding represented in Figure 3 appears to represent the interaction of ouabain with a high affinity site over the range of concentrations inhibitory for ion transport in vitro.
DISCUSSION
The results summarized in Table 1 demonstrate that the basal oxygen consumption of excised CF nasal polyp epithelium is two to three times that of normal turbinate epithelium and atopic polyp epithelium. Although nasal epithelial morphology varies with region, the morphologic similarity of atopic and CF polyps (20) makes it unlikely that morphologic heterogeneity can account for this difference. Moreover, the different rate of oxygen consumption was not related to patient age (Fig. 1) or to a difference in the cell density (DNA) in mucosal specimens from the different patient groups (Fig. 2) . Accordingly, the more than 2-fold larger oxygen consumption of CF tissues appears to be a manifestation of the disease.
Approximately 30-40% of basal oxygen consumption by nasal mucosa was linked by ouabain inhibition to generation of ATP that is utilized by the Na+-K+-ATPase (Table 2) . Because both sodium absorption and chloride secretion are driven by the action of the Na+-K+-ATPase in airway epithelia (19) , ouabainsensitive oxygen consumption should be an index of these transport activities (8). Under basal conditions, approximately 80% of normal nasal epithelial short circuit current is due to net sodium absorption (1 3). Thus, if CF nasal mucosa differed from normal solely by a defect in chloride permeability that prevented chloride secretion, then a small reduction in oxygen consumption would be predicted. In agreement with this notion, we found in preliminary experiments that bumetanide, an inhibitor of chloride secretion, reduced oxygen consumption of normal tissues by only 7.6 k 0.5% (n = 11). Accordingly, the finding that ouabain-sensitive oxygen consumption was two to three times greater in CF than in atopic polyp or normal turbinate epithelium suggests a more complicated defect in ion transport than the absence of chloride secretion.
Amiloride should limit sodium entry into cells across the apical membrane (21) . If this were the only route of sodium entry, then the effect of amiloride on oxygen consumption should be similar in magnitude to that of ouabain. Inhibition of oxygen consumption by amiloride was less than that by ouabain, regardless of tissue group ( Table 2 ), implying that other routes for sodium entry, including the basolateral cell membrane cotransport system, sodium for proton exchange, nonspecific ion leaks, etc, exist in both CF and non-CF tissues. The larger inhibition of oxygen consumption by amiloride in CF tissues can be interpreted in terms of two recent findings. First, CF tissues lack the ability to secrete chloride (1 3). In CF tissues, therefore, amiloride cannot stimulate the coupled entry of sodium and chloride required for the chloride secretion that is induced in normal tissues exposed to amiloride (2, 13) . This difference in response could underlie the tendency for a proportionately larger amiloride inhibition of oxygen consumption in CF tissues. However, because the amiloride-sensitive oxygen consumption in CF tissues exceeded the total ouabain-sensitive oxygen consumption of normal tissues, decreased chloride permeability cannot account for the entire increment in amiloride-sensitive oxygen consumption seen in CF tissues. Instead, the larger response to amiloride is likely related to our recent finding that the sodium conductance of the apical membrane of CF nasal epithelial cells is increased (22) . The three to four times larger amiloride-sensitive oxygen consumption in CF tissues is consistent with the notion that a greater quantity of substrate for the Na+ pump enters CF cells through an amiloride-sensitive path. Thus, the greater effect of amiloride in CF tissues is compatible with both a decreased chloride conductance (22) (23) (24) and an increased sodium conductance in the apical cell membrane (22) .
The effects of ouabain and amiloride on oxygen consumption demonstrate coupling between metabolism and ion transport but the quantity of oxygen consumption not sensitive to these inhibitors of ion transport was also raised in CF tissues. This increment in ouabain-insensitive oxygen consumption in CF represents coupled respiration, however, because DNP raised total oxygen consumption by similar relative amounts in normal, atopic, and CF nasal epithelium (Table 2 ). These data are consistent with the existence of a greater metabolic capacity in CF cells. Previous investigators have noted that mitochondria derived from CF fibroblasts consumed oxygen more rapidly than mitochondria derived from normal fibroblasts (25) . This difference was associated with increased Ca++ uptake by CF fibroblast mitochondria (26) and an altered pH optimum of the mitochondria1 NADH dehydrogenase (25) . We have not explored the relationship of these findings to our results.
The characteristics of ouabain binding to nasal epithelial cells were similar to those described for specific ouabain binding in other systems (7, 12) . In particular, the binding of 3H-ouabain was specific by two criteria (18) . First, it was prevented by an excess of unlabeled ouabain. Second, specific binding saturated in the range of ouabain concentrations which inhibit ion transport in vitro (Fig. 3 ) (see "Results"). Scatchard analysis of the binding data yielded straight lines (Fig. 4) with apparent KMS which were not different for the two populations and were about half of the estimated K,s for ouabain inhibition of short circuit current. Similar correlations between binding and inhibition of function have been found for dog tracheal epithelium (12) and other tissues (7, 1 I). The intercepts of the Scatchard plots project about 60% more ouabain binding sites (Naf pumps) in CF epithelium than non-CF epithelium. The density of ouabain binding sites, although raised, was not increased as much as net sodium absorption (27) or ouabain-sensitive oxygen consumption (this study). The implication that the activity of each ouabain bindinn site in CF is also increased merits further study. (30) . Salt and water absorption by some epithelia and tissue oxidative metabolism are also stimulated by thyroid hormones (3 1). Although there is an excess incidence of goiter in CF patients exposed to an iodide load, the basis of this effect is not known and circulating concentrations of T, are normal or decreased (32) . As a control for the polyp tissues studied in CF patients, polyps from atopic subjects were studied. Atopic polyps differ from CF histologically only in the greater content of eosinophils (20) . We found that atopic polyp mucosa did not differ from normal tissue in oxygen consumption or ouabain binding sites. In addition, recent studies have shown that the nasal PD measured in the first 48 h of life is raised suggesting that sodium absorption is increased prior to the onset of chronic infection and inflammation (33) . Thus, raised aldosterone secretion, abnormal thyroid function, or chronic inflammatory status in the CF patient group are not likely explanations for our results. CF nasal polyp epithelium has been previously characterized as less permeable to chloride ion (3, 13) . This defect was shown to be located in the apical cell membrane (22) and to be retained in cell culture (23) . More recent studies reveal abnormal sodium transport, including a greater net (active) sodium absorption by CF airway epithelium (27) that correlates with a greater sodium ionic conductance of the apical cell membrane (22) . The present study demonstrates increased density of sodium pumps and increased ouabain and amiloride-sensitive oxygen consumption of CF airway epithelium. These findings support the other observations that CF is expressed in airways as both 1) a greater than normal rate of active sodium transport and 2) an inability to secrete chloride. These abnormal functions could represent a primary defect in regulation and/or a mixture of a primary defect (chloride impermeability?) and a secondary response (increased sodium absorption?). Regardless of primacy, both defects might lead to dehydration of mucins and other macromolecules on the airway surface and thereby contribute to the pathophysiology of obstructive lung disease in CF.
